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Abstract
In this study, an acute overloading of methionine (MetLo) was used to investigate the trassulfuration pathway response com-
paring healthy controls and HIV+ patients under their usual diet and dietary N-acetyl-l-cysteine (NAC) supplementation. 
MetLo (0.1 g Met/kg mass weight) was given after overnight fasting to 20 non-HIV+ control subjects (Co) and 12 HIV+ 
HAART-treated patients. Blood samples were taken before and after the MetLo in two different 7-day dietary situations, 
with NAC (1 g/day) or with their usual diet (UD). The amino acids (Met, Hcy, Cys, Tau, Ser, Glu and Gln) and GSH were 
determined by HPLC and their inflow rate into circulation (plasma) was estimated by the area under the curve (AUC). Under 
UD, the HIV+ had lower plasma GSH and amino acids (excepting Hcy) and higher oxidative stress (GSSG/GSH ratio), 
similar remethylation (RM: Me/Hcy + Ser ratio), transmethylation (TM; Hcy/Met ratio) and glutaminogenesis (Glu/Gln 
ratio), lower transsulfuration (TS: Cys/Hcy + Ser ratio) and Cys/Met ratio and, higher synthetic rates of glutathione (GG: 
GSH/Cys ratio) and Tau (TG: Tau/Cys ratio). NAC supplementation changed the HIV pattern by increasing RM above 
control, normalizing plasma Met and TS and, increasing plasma GSH and GG above controls. However, plasma Cys was 
kept always below controls probably, associatively to its higher consumption in GG (more GSSG than GSH) and TG. The 
failure of restoring normal Cys by MetLo, in addition to NAC, in HIV+ patients seems to be related to increased flux of Cys 
into GSH and Tau pathways, probably strengthening the cell-antioxidant capacity against the HIV progression (registered 
at http://www.clini​caltr​ials.gov, NCT00910442).
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Introduction

Previously, we described that plasma reduced glutathione 
(GSH) was decreased in HIV+ patients compared to healthy 
controls subjects and, GSH deficiency would be either due 
to a deficient synthesis and/or a lower GSSG (glutathione 
oxidized form)–GSH conversion (Borges-Santos et  al. 
2012). GSH is synthesized de novo within all cells (Kozich 

et al. 1995), but plasma GSH arises largely from the liver. 
The lower plasma GSH follows the lack of its components, 
l-cysteine (Cys), l-glutamic acid (Glu), and l-glycine (Gly), 
which in turn parallel the lower levels of their precursors 
l-methionine (Met) and l-serine (Ser) (for Cys) and l-glu-
tamine (Gln) (for Glu) (Fermo et al. 1995; Bogden et al. 
2000; Patrick 2000; Lanzillotti and Tang 2005; Jones et al. 
2006; Burini et al. 2015). In a previous publication, it was 
shown that HIV+ patients had their plasma GSH increased 
to the control levels by receiving either Cys (by the oral 
intake of N-acetyl-l-cysteine, NAC) or Gln. However, even 
with NAC supplementation, plasma Cys level was kept 
lower than controls (Borges-Santos et al. 2012).

Intracellular Cys availability is believed to be the rate-lim-
iting precursor for GSH synthesis (Lyons et al. 2000; Badaloo 
et al. 2002; Jackson et al. 2004). Whole-body Cys is main-
tained in balance between formation and degradation with 
the main byproducts of Cys being taurine (Tau) and sulfate 
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(Griffith 1987). Tau has systemic anti-inflammatory actions 
and, inside phagocytes, it acts as protective antioxidant (Bur-
ini et al. 2018). Additionally, it is described that Tau enables 
antigen-presenting cells to promote the proliferation of T lym-
phocytes (Dröge et al. 1991).

It has been considered that a higher urinary-sulfate output 
by HIV+ patients could be due to the fact that muscle excretes 
Cys to spare protein nitrogen (forming Gln in the liver) and 
restrain the body-protein catabolism (Dröge and Holm 1997). 
By the muscle excreting Cys to the liver (Sbrana et al. 2004) 
the organism restrains the whole body-protein catabolism 
because Cys catabolism generates an increased formation of 
sulfate and protons which down-regulates the rate of urea pro-
duction (Viñ et al. 2001) allowing Gln synthesis and, therefore, 
nitrogen conservation, while the generated sulfate is excreted 
by urine. Even asymptomatic HIV-positive persons reveal, on 
average, a massive daily loss of sulfur, and may explain the 
widely observed decrease in cyst(e)ine and GSH levels. This 
rate of sulfur loss is not ameliorated by highly active antiret-
roviral therapy and may contribute to treatment failure (Dröge 
and Breitkreutz 1999).

In pathological conditions such as HIV+, Cys is considered 
conditionally indispensable (Dröge et al. 1991; Borges-Santos 
et al. 2012). The endogenous sources of Cys are half derived 
from Met, through the transsulfuration (TS) pathway and half 
derived from GSH breakdown (Burini et al. 2013). Only the 
sulfur atom from Met is transferred by TS to Cys; the carbon 
skeleton of Cys is donated by Ser (Stipanuk 2004). Hence, in 
the fasting state, Cys is maintained mostly by the GSH turno-
ver (Bogden et al. 2000), while after Met loading (MetLo), 
Cys might originate, mostly from the TS (Stipanuk 2004) by 
de novo synthesis.

Generally, the most extensive approach to increase the cell 
pool of GSH is by improving Cys availability through oral 
agents such as NAC, lipoic acid, cysteamine, and 2-oxothia-
zolidine 4-carboxylate (Grimble 2005). NAC has long been 
considered as a potent antioxidant, primarily as a pro-drug 
for GSH (Zhou et al. 2015). From previous analysis, we had 
found that, despite normalizing GSH, the NAC supplement 
was unable to restore the normal levels of plasma Cys, which 
raises the hypothesis of TS failure in HIV+.

Thus, the present paper aimed to explore the Cys metab-
olism, particularly the TS pathway of Met by analyzing the 
plasma levels of Cys and its byproducts Tau and GSH in 
response to the MetLo without and with the presence of NAC 
supplementation, comparatively in healthy controls and HIV+ 
patients.

Materials and methods

Subjects

This is a complementary study of other already detailed 
elsewhere (Borges-Santos et  al. 2012). From the 28 
HIV+ patients attended at the Infectious Disease ward of 
the Clinical Hospital, 12 patients fulfilled the inclusion 
criteria of having all the data before and after the inter-
ventions. The group of 12 HIV+ patients (6 men and 6 
women), 22–45 years, was clinically and laboratory diag-
nosed with viral load (by ELISA and Western Blot) and 
CD4

+ and CD8
+ lymphocyte counts (by flow cytometry). 

HIV+ patients were under highly active antiretroviral 
treatment for at least 1 year with HIV protease inhibitors 
(indinavir: 800 mg twice daily, n = 10, or ritonavir 600 mg 
twice daily, n = 2) combined with two nucleoside analogs 
(zidovudine: 250 mg plus lamivudine: 150 mg twice daily, 
n = 11 or lamivudine: 150 mg plus stavudine: 40 mg twice 
daily, n = 1). The selected patients were without renal 
or liver failure and not taking any form of B vitamins or 
sulfur-amino acids. The patients group was compared to a 
clinically healthy control group of 20 adults (10 men and 
10 women), 20–59 years, negative for HIV, recruited from 
the UNESP Clinical Hospital to participate in this study. 
The study protocol was approved by ethical committees 
from Sao Paulo State University and Sao Paulo University 
and all procedures were performed according to the Decla-
ration of Helsinki. All subjects had a signed consent form.

Experimental design

After baseline clinical assessments, the two groups had 
the fasting blood drawn before and after seven consecu-
tive periods receiving either their usual control diet alone 
(UD) or added a dietary supplement of NAC at 1 g/day. 
Immediately after the overnight-fast blood drawn, they 
all submitted an oral MetLo (0.1 g Met/kg body wt) with 
blood samples taken 2 and 4 h after the MetLo.

Reagents and equipment

The reagents ethylene diamine tetraacetate (EDTA), n-eth-
ylmaleimide (NEM), o-phtaldialdehyde (OPA), tri-n-bu-
tylphosphine (TBP), dithiothreitol (DTT), ammonium-
7-fluorobenzo-2-oxa-1,3-diazole-4-sulphonate (SBD-F) 
and analytical standards were purchased from Sigma-
Aldrich®. Sulphosalicylic acid (SSA), perchloric acid and 
methanol and acetonitrile HPLC-analytical grade were 
purchased from Merck-Millipore®.
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The high-performance liquid chromatography (HPLC) 
system consisted of a LC10AD Shimadzu apparatus, 
equipped with two pumps, degasser DGU-10B, sample 
auto-injector SIL10ADVP, column-oven CTO-10AC and 
UV-detector SPD-20AV. Mobile phases were pre-filtered 
using membrane filters 0.45 µm (HNWPO4700, Merck-
Millipore®). Samples were also filtered with LCR-PTFE 
syringe filters (0.22 µm, Merck-Millipore®) before HPLC 
injection. Analytical columns for all analysis were pur-
chased from Waters Corporation (Spherisorb®, ODS-2, 
150 × 4.5 mm).

Laboratory analysis

Blood samples were collected into two EDTA containing 
tubes. In one tube, PBS was added and into another, NEM 
was added (10 mM in PBS). Both tubes were centrifuged 
for plasma obtaining. Plasma from PBS-containing tube was 
used for amino acids and total glutathione measurements. 
Plasma from NEM-containing tube was used for GSSG 
measurements.

For amino acids measurement, plasma was first treated 
with SSA 30%, centrifuged and supernatant was derivatized 
with OPA before injecting it into the HPLC system (Qureshi 
and Qureshi 1989).

Total plasma Cys and L-homocysteine (Hcy) were meas-
ured in a separated analysis. Plasma was treated with TBP 
and then derivatized with SBD-F before injecting it into the 
HPLC system (Ubbink et al. 1991).

Total glutathione and GSSG levels were measured in 
plasma from PBS-containing tube and plasma from NEM-
containing tube, respectively. Samples were submitted to 
reduction with DTT, precipitation with perchloric acid and 
derivatization with OPA before injecting it into the HPLC 
system. GSH (reduced form) levels were estimated by sub-
tracting GSSG values from total glutathione values (Paroni 
et al. 1995).

The plasma Hcy/Met ratio was defined arbitrarily as 
“transmethylation” (TM), Met/Hcy as “remethylation” 
(RM), Cys/Hcy + Ser as “transsulfuration” (TS), Tau/Cys as 
“taurine-genesis” (TG), GSH/Cys as “glutathione-genesis” 
(GG) and GSSG/GSH was used as oxidative stress indicator.

Data processing and statistical analysis

The area under the curve (AUC) was calculated for sulfur-
amino acids and glutathione. The Kolmogorov/Smirnov 
test was applied to check sample variability in all variables. 
Parametric variables are expressed as mean ± S.D, whereas 
non-parametric variables are expressed as median (p25–p75 
interquartile). The difference between groups and diets was 
compared by the t test (for parametric variables) or Wilcox-
on’s test (for non-parametric variables). The analyses were 

performed using the SAS package v. 8.01 (SAS Institute, 
Inc., Cary, NC, USA) and statistical significance was set at 
p < 0.05.

Results

Under UD, all amino acids and GSH were lower in 
HIV+ patients than controls after MetLo and also at baseline 
(excepting Hcy) (Table 1). However, HIV+ patients were 
similar to controls in all indices without Cys participation 
(TM, RM and Glu/Gln), lower than controls for Cys/Met and 
TS and higher than controls for GSSG/GSH, TG and GG. 
Similarly, after MetLo (AUC), the HIV+ group followed the 
same baseline pattern in both dietary regimen, UD and NAC 
(Table 1 and Fig. 1).

The NAC supplementation matched the patient’s plasma 
Met and Hcy to control’s values, keeping the other amino 
acids and GSH lower than the control group. On the other 
hand, NAC supplementation did not alter significantly the 
UD pattern of TM, TG, Cys/Met and Gln/Cys (Table 1 and 
Fig. 1). However, with NAC, TS paired to the control val-
ues. Besides this, the booster effect of NAC was seen also 
by increasing the RM over the control values. Both NAC 
effects, on RM and TS, were neutralized by the MetLo 
(Table 1 and Fig. 1). Hence, NAC supplementation pro-
moted a deep increase of RM, TS and GG at baseline, but 
only GG occurred due to the presence of MetLo (Table 1 
and Fig. 1).

Thus, under UD, HIV+ group presented TM, RM and 
Glu/Gln values similar to controls irrespective of the pres-
ence MetLo (Table 1). Under NAC, these similarities were 
extended also for TS, and the differences between groups, 
increased for RM and GG and, decreased for Glu/Gln 
(Table 1 and Fig. 1). The MetLo attenuated (GG) or even 
neutralized (RM, TS, Gln/Cys and Glu/Gln) the NAC effects 
(Table 1 and Fig. 1). In general, HIV+ always presented 
higher than controls TG and GG irrespective of the presence 
of NAC and MetLo; MetLo magnified even more higher GG 
effect of NAC. Overall, the lower than control TS found in 
HIV+ was corrected by the NAC supplementation (Fig. 1). 
Therefore, it seems that Cys stayed lower in HIV irrespective 
of supplied sources (NAC and Met), which would be caused 
by higher consumption (higher GSH, Tau and Gln genera-
tion) rather than lower synthesis (TS) of Cys.

Discussion

The acute MetLo is an in vivo test described as useful 
to assay the functionality of the Met cycle (Di Giuseppe 
et al. 2010) particularly the TS pathway where Cys might 
originate from the de novo synthesis (Stipanuk 2004). Both 
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chronic and acute MetLo tests are useful to assay the TS 
reactions (Giuseppe et al. 2010). The rationale of the test is 
that Cys is not a precursor of Met, because of the irrevers-
ibility of the cystathionine synthase reaction (Rose 1938).

Met is considered an indispensable amino acid, because 
mammals cannot synthesize its C skeleton. The first step in 
the metabolism of Met is its conversion to the intermediate, 
S-adenosylmethionine (AdoMet), a donor of methyl groups 
for numerous methylation reactions (Stipanuk 2004). The 
other product of TM of Met is S-adenosylhomocysteine 
(AdoHcy), which is hydrolyzed to adenosine and Hcy. The 
present data showed similar plasma Hcy and TM between 
patients and controls, irrespective of the MetLo.

Hcy is at a branch point and can be either remethylated to 
Met by the methionine synthase or it can be condensed with 
Ser to form L-cystathionine through the TS pathway due 
to the effect of cystathionine beta-synthase (CBS). CBS is 
activated by AdoMet formed in the TM pathway of Met to 
Hcy. The TS sequence is completed by a reaction catalyzed 

by gamma-cystathionase, which is responsible for the cleav-
age of L-cystathionine to yield Cys, alpha-ketobutyrate 
and NH4

+. Hence, TS is an essential pathway allowing the 
synthesis of Cys from Met therefore, Met: Cys ratio can be 
taken as marker to evaluate the S-amino acid metabolism 
involved in Cys generation from Met (Viñ et al. 2001).

Decreased Cys/Met ratio means reduced conversion of 
Met to Cys. The main removal of synthesized Hcy is by 
Met synthase (Burini et al. 2013). As the TM, the RM also 
remained similar between the two groups. Keeping Hcy 
seems tactical for the HIV+ due to its pro-oxidant properties 
(Burini et al. 2013) and Hcy level is associated with status of 
oxidative stress (Tousoulis et al. 2008). In the present case, 
the resulted pro-oxidant status, can be seen in GSH–GSSG 
redox ratio, favoring GSSG, might be related to a more oxi-
dant redox status promoted by changed Cys/L-cystine cou-
ples (Jones 2004).

Along with RM, another pathway to remove Hcy is by 
TS. In this pathway, Hcy is removed by combination with 

Table 1   Plasma amino acids, 
total glutathione (µmol/L), 
and its rations in healthy 
controls (Control) and HIV+ 
patients (HIV), before (B) 
and after methionine load 
(AUC), under usual diet (UD) 
and oral N-acetylcysteine 
supplementation (NAC)

B baseline, AUC​ area under the curve after methionine load (0.1 g Met/kg body wt), TM transmethylation, 
RM remethylation, TS transsulfuration, TG taurine-genesis, GG glutathione-genesis, GSSG/GSH as oxida-
tive stress indicator
*Different from control group, p < 0.05; ** different from control group, p < 0.001; small letters mean sta-
tistical difference (p < 0.05): a ≠ b ≠ c ≠ d

UD NAC

Control HIV Control HIV

Met B 26.8 (24.1–38.7) 16.7 (15.1–26.6)* 26.3 (22.8–39.6) 21.3 (19.3–31.8)
AUC​ 1811 ± 516 1459 ± 430** 1711 ± 483 1441 ± 390

Hcy B 11.2 (9.9–19.5) 9.7 (8.5–11.2) 14.4 (11.7–15.5) 12.9 (10.4–13.6)
AUC​ 118 ± 51.4 60.9 ± 6.2** 132 ± 26.6 81.5 ± 18.0**

Ser B 106 (101–115) 86.9 ± 20.1* 110 (100–120) 60.3 (54.7–65.1)*
AUC​ 411 ± 30.8 275 ± 54.9** 413 ± 35.5 228 ± 50.2**

Cys B 317 (268–593) 157 (151–166)* 534 ± 53.9 251 ± 31.6*
AUC​ 1537 ± 643 620 ± 30.8** 1887 ± 272 1080 ± 113**

Tau B 62.3 (61.3–66.1) 48.4 (45.9–51.0)* 71.3 (61.1–77.3) 57.2 (54.8–61.1)*
AUC​ 443 ± 28.4 379 ± 51.6** 486 ± 51.5 523 ± 40.5*

GSH B 8.6 (7.9–10.0) 4.9 ± 0.7* 8.5 ± 0.9 9.2 ± 0.9*
AUC​ 35.8 ± 6.0 20.4 ± 1.5** 34.5 ± 4.8 40.1 ± 2.1**

Hcy/Met (TM) B 0.41 (0.33–0.57)a 0.52 (0.37–0.67)a 0.46 (0.36–0.57)a 0.50 (0.38–0.68)a

AUC​ 0.57 (0.46–0.78)a 0.65 (0.45–0.79)a 0.66 (0.57–0.81)a 0.67 (0.55–0.82)a

Met/Hcy (RM) B 2.56 ± 1.22a 2.06 ± 0.68a 2.29 ± 0.86a 2.11 ± 0.87a

AUC​ 17.6 (12.8–21.8)a 15.1 (12.6–22.4)a 15.0 (12.4–17.5)a 14.9 (12.2–18.4)a

Cys/Hcy + Ser (TS) B 3.35 ± 1.28b 1.73 ± 0.57a 4.33 ± 0.54c 3.50 ± 0.64bc

AUC​ 2.05 (1.82–2.37)b 0.92 (0.78–1.19)a 2.89 (1.85–3.11)b 2.67 (1.23–3.07)b

Tau/Cys (TG) B 0.18 ± 0.07b 0.31 ± 0.03d 0.13 ± 0.02a 0.23 ± 0.04c

AUC​ 0.28 ± 0.04a 0.61 ± 1.68ab 0.26 ± 0.19ab 0.48 ± 0.36b

GSH/Cys × 100 (GG) B 2.7 (1.7–3.0)a 3.1 (2.8–3.4)b 1.6 (1.5–1.7)a 3.7 (3.3–4.0)c

AUC​ 2.3 ± 0.9a 3.3 ± 1.4b 1.8 ± 0.8a 3.7 ± 1.9b

GSSG/GSH B 7.59 (4.8–9.8)a 29.6 ± 6.1b 6.92 (5.96–7.7)a 18.5 ± 3.0c

AUC​ 0.34 ± 0.23a 0.87 ± 0.20b 0.27 ± 0.16a 0.55 ± 0.19b
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Ser (van der Griend et al. 2002) to form Cys after cleav-
age of cystathionine (Garlick 2006). Our HIV+ patients 
presented a reduced Cys/Met ratio (40.4%) as well as TS 
(48.4%) meaning reduced formation of Cys from Met 
probably by lower TS pathway. This lower conversion 
of Met to Cys, at baseline, was confirmed by MetLo. As 
already mentioned, this low TS rate would favor HIV+ 
once in the presence of normal RM, it keeps Hcy and, 

consequently the pro-oxidant milieu, convenient for the 
virus survival (Burini et al. 2013).

TS is controlled by CBS that is activated by AdoMet 
formed in the TM (in this case, not affected by HIV+) and 
gamma-cystathionase. In an experimental in vivo inhibi-
tion of the TS pathway by inactivating gamma-cystathio-
nase, blood concentration of L-cystathionine was greater 
than controls and L-cystine was unchanged consequently, 

Fig. 1   HIV+  Differences (%) related to control values at baseline 
and after MetLo in both dietary conditions, usual diet (a) and NAC-
supplemented (b). TM transmethylation, RM remethylation, TS trans-

sulfuration, TG taurine-genesis, GG glutathione-genesis. *p  <  0.05 
(HIV ≠ Co); #p < 0.05 (NAC ≠ UD)
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the Met/L-cyst(e)ine ratio was significantly higher and, 
liver GSH concentration was significantly lower than 
values of control livers (Triguero et al. 1997). Patients 
reported here showed increased Met/L–cyst(e)ine ratio, 
similar to the one found in this gamma-cystathionase 
experimental inhibition. But, differently, in the present 
patients, the reduced TS and plasma GSH were followed 
by low Cys. Hence, these set of data probably meant that 
lower TS pathway was not the only cause of lowering 
plasma Cys. It might be complemented by a lower contri-
bution of Cys from GSH recycling, as suggested here, by 
the found higher GSH/Cys ratio.

Besides TS from Met, already reduced in our HIV+ 
patients, another source of Cys would be the GSH break-
down, responsible for half of plasma Cys (Burini et al. 
2013). The possibility of a lower origin of Cys from GSH 
breakdown exists, because quantitatively, plasma level of 
GSH was always lower than controls, irrespective of MetLo. 
Moreover, HIV+ patients also presented higher GSH/Cys 
(GG) and GSSG/Cys ratios, which would favor GSH main-
tenance rather than GSH breakdown for Cys supplying. 
Thus, lower plasma Cys could result in lower endogenous 
contribution of both sources, Met (TS pathway) and GSH 
breakdown.

Regarding a possible higher HIV+-induced Cys catab-
olism, it is known that, in post-absorptive state, muscle 
releases Cys that is taken up by the liver. Therefore, the basal 
Cys level is regulated primarily by the balance of normal 
post-absorptive skeletal muscle protein catabolism and liver 
uptake (Viñ et al. 2001). The decreased blood Gln/L–cyst(e)
ine ratio has been proposed as a good marker of an impaired 
hepatic L-cyst(e)ine catabolism (Dröge and Holm 1997). 
The present HIV+ data showing 29% higher Gln/Cys (at 
baseline and under MetLo) along with similar Glu/Gln to the 
controls would suggest a HIV+ condition of normal glutami-
nogenesis (Glu/Gln) in a fair controlled whole-body catabo-
lism (higher Gln/Cys). Moreover, considering that Met/L-
cyst(e)ine and Gln/L-cyst(e)ine ratios can be taken as good 
markers to evaluate the S-amino acid metabolism (Viñ et al. 
2001), we can assume to have had more metabolic problems 
with Cys than with Met and Gln.

Thus, the decreased plasma Cys was not associated to 
its higher breakdown and, rather might be due to a possible 
higher utilization in GSH synthesis. Actually, when looking 
at the metabolic fate of Cys, we see higher synthetic activity 
of both antioxidant byproducts, GSH (GG) and Tau (TG) as 
well as in an N-conservation index (Gln/Cys). As in TS path-
way, the GG, TG and Gln/Cys patterns seem physiologically 
stable and not influenced by the acute Met loading.

In this study, plasma GSH was lower than controls associ-
ated with lower plasma Cys and higher GG denoting higher 
consumption of Cys for formation of either GSH (GSH/
Cys), Tau (Tau/Cys) and Gln (Gln/Cys).

A second possible cause for the lower plasma level of 
GSH in our patients would be the enhanced entrapment of 
GSH in its oxidized form (GSSG) (Nguyen et al. 2014) as 
seen by the increased GSSG/GSH ratio at 3.9× (at baseline) 
and 2.56× (under AUC). The GSSG is converted back to 
reduced GSH by the enzyme GSH reductase, in a riboflavin-
dependent reaction (Meister 1988). Thus, it seems that our 
HIV-infected patients presented plasma pattern suggestive 
of deficient Cys synthesis and decreased GSH regeneration 
(from GSSG), which contributed to their GSH deficiency 
(Nguyen et al. 2014). Both defects (GSH synthesis and 
regeneration) can be overcome with shot-time supplemen-
tation with precursors (Sekhar et al. 2011; Borges-Santos 
et al. 2012).

In the experimental in vivo inhibition of the TS pathway 
(Triguero et al. 1997), the administration of NAC reversed 
the changes in liver GSH. The proposed mechanism of direct 
conversion would be through deacetylation of NAC to Cys 
by acylase I, widely expressed in the cytosol. Alternatively, 
there is an indirect mechanism in which NAC modulates 
plasma and tissue protein-bound Cys levels through thiol 
exchange. In this pathway, NAC increases Cys concentra-
tion through thiol exchange with oxidized/bound forms of 
Cys (e.g., protein-bound) (Zhou et al. 2015). Both mecha-
nisms might workout in our case. In fact, when given to our 
patients, NAC led to an increased level of GSH by increasing 
RM, TS and GG. In parallel, NAC normalized the plasma 
levels of Met and Hcy.

The effect of NAC supplementation on plasma Met was 
expected once Cys has a methionine-sparing action which 
is believed to occur by reducing methionine breakdown 
through TS (Fukagawa 2006). By leading to higher RM and 
TS and keeping TM unchanged, the NAC-supplemented 
HIV+ allowed the Hcy levels to stay similar to control levels 
and this condition favored both the invader (by offering Hcy) 
and the host (by increasing RM and sparing Met). By adding 
simultaneously Cys (NAC) and Met (MetLo), also the RM 
value was normalized to controls, maybe by improving Met 
(for the host) and Hcy (for the virus). Thus, from the present 
data, by keeping GG always higher than controls, irrespec-
tive of Met (MetLo), it seems that Cys (NAC) is really the 
enhancer of GSH formation in HIV+.

Although not changing the pattern of the control group, 
NAC supplementation increased the patient’s TS and conse-
quently, both groups became similar. Hence, it seems that TS 
is kept decreased in HIV+ to keep adequate Hcy levels and, 
exogenous sources of Cys (and spared Met) are necessary to 
restore normal TS. However, providing Cys to HIV patients, 
GG increases and plasma levels of GSH surpass the controls, 
denoting a clear purpose for Cys utilization. This fact contro-
versies the theory that the conversion rate of NAC to Cys by 
deacetylation is not adequate to maintain single Cys levels for 
GSH biosynthesis and, findings from stable isotopes indicated 
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that endogenous Cys rather than exogenous Cys would be the 
major source for GSH synthesis, after NAC administration 
(Raftos et al. 2007). Though, alternatively, it is proposed that 
NAC modulates indirectly plasma and tissue protein-bound 
Cys levels, through thiol exchange. Consequently, NAC 
increases Cys concentration through thiol exchange with oxi-
dized/bound forms of Cys (e.g., protein bound) (Zhou et al. 
2015). In vitro plasma study has shown that unbound Cys in 
plasma was quickly released from Cys bound peptides (e.g., 
GSSG) when incubated with increasing NAC concentrations 
(Radtke et al. 2012).

Although the Cys–Cystine thiol exchange form have not 
been assayed here, the present data showed that HIV+ GSSG/
GSH ratio decreased from 3.9× at baseline to 2.7× under NAC 
supplementation, clearly showing a deficient GSH restoration 
from GSSG. The decreasing of oxidative stress (GSSG/GSH 
ratio) can be attributed to NAC actions (Nguyen et al. 2014).

Besides increasing GSH (and decreasing GSSG) and nor-
malizing plasma Met, Hcy and the TS, the normal plasma 
Cys was never restored to the healthy control levels in HIV+ 
patients with NAC and MetLo. Thus, the two key findings 
can be ascertained from our NAC-supplemented HIV+, first, 
the enhancement of exogenous Cys in GSH synthesis (over-
coming basal TS limitation) and second, the NAC limitation 
in fully regenerating GSH from GSSG.

Different from GSH, the Tau synthesis (TG) was higher 
than controls irrespective of either NAC or MetLo. Tau 
acts as protective antioxidant and anti-inflammatory agent 
(Angelini et al. 2002; Burini et al. 2018).

Thus, both products of Cys (GSH and Tau) seem impor-
tant for the host defense against HIV-induced oxidative 
stress, and both are replenished under NAC supplemen-
tation, although both replenishments were accomplished 
associatively with low plasma levels of Cys. Hence, it was 
confirmed that Cys may be considered conditionally as an 
indispensable amino acid in pathological conditions such 
as HIV+ (Dröge et al. 1991; Borges-Santos et al. 2012), 
because it is the precursor of GSH-, Tau-, and Gln-genesis 
controller (Griffith 1987). Presently, the low plasma Cys 
found in HIV seems to be a consequence of reducing TS 
pathway and higher GSH and Tau formation. The NAC 
supplementation of HIV+ patient led to an improvement of 
TS, increased GG and plasma GSH (also Met and Hcy) as 
well as TG probably towards an improvement of the cell-
antioxidant status. Nevertheless, no additional contribution 
of MetLo was detected beyond the NAC supplementation.

Conclusion

Exogenous Cys (NAC) even in the presence of Met (MetLo) 
failed to restore control levels of Cys besides increasing its 
formation pathways and having normalized the levels of 

either its precursors (Met, Hcy and GSH) and byproducts 
(GSH and Tau). HIV+ patients seem to use the sulfur path-
ways primarily fluxing Cys into GSH and Tau pathways to 
strengthen the cell-antioxidant capacity against the HIV 
progression.
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